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Abstract 


We summarize the results of the SU (4) chiral meson Lagrangian approach to 
the cross section for J/ij) breakup by pion and rho meson impact and suggest 
a new scheme for the introduction of formfactors for the meson-meson inter¬ 
action. This scheme respects the fact that on the quark level of description 
the contact and the meson exchange diagrams are constructed by so-called 
box and triangle diagrams which contain a different number of vertex func¬ 
tions for the quark-meson coupling. A model calculation for Gaussian vertex 
functions is presented and the relative importance of contact and meson ex¬ 
change processes is discussed. We evaluate the dependence of the breakup 
cross section on the masses of the final D-meson states which can be used for 
the study of in-medium effects on this quantity. 
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I. INTRODUCTION 


The J/ip meson plays a key role in the experimental search for the quark-gluon plasma 
(QGP) in heavy-ion collision experiments where an anomalous suppression of its production 
cross section relative to the Drell-Yan continuum as a function of the centrality of the collision 
has been found by the CERN-NA50 collaboration |1|] . An effect like this has been predicted 
to signal QGP formation U as a consequence of the screening of color charges in a plasma 
in close analogy to the Mott effect (metal-insulator transition) in dense electronic systems 
|0. However, a necessary condition to explain J/'ip suppression in the static screening model 
is that a sufficiently large fraction of cc pairs after their creation have to traverse regions 
of QGP where the temperature (resp. parton density) has to exceed the Mott temperature 
~ 1.2 — 1.3 T c mU for a sufficiently long time interval r > Tf, where T c ~ 170 
MeV is the critical phase transition temperature and Tf ~ 0.3 fm/c is the J/-0 formation 
time. Within an alternative scenario [p|], J/ij) suppression does not require temperatures 
well above the deconfinement one but can occur already at T c due to impact collisions by 
quarks from the thermal medium. An important ingredient for this scenario is the lowering 
of the reaction threshold for string-flip processes which lead to open-charm meson formation 
and thus to J/ijj suppression. This process has an analogue in the hadronic world, where 
e.g. J/'0 + 7r —> D* + D + h.c. could occur provided the reaction threshold of A E ~ 640 
MeV can be overcome by pion impact. It has been shown recently 0 that this process 
and its in-medium modification can play a key role in the understanding of anomalous J/ij) 
suppression as a deconfinement signal. Since at the deconfinement transition the D- mesons 
enter the continuum of unbound (but strongly correlated) quark- antiquark states (Mott- 
effect), the relevant threshold for charmonium breakup is lowered and the reaction rate 
for the process gets critically enhanced. Thus a process which is negligible in the vacuum 
may give rise to additional (anomalous) J/\t> suppression when conditions of the chiral/ 
deconfinement transition and D- meson Mott effect are reached in a heavy-ion collision but 
the dissociation of the J/^j itself still needs impact to overcome the threshold which is still 
present but dramatically reduced. 

For this alternative scenario as outlined in [|7| to work the J/rp breakup cross section by 
pion impact is required and its dependence on the masses of the final state D- mesons has to 
be calculated. Both, nonrelativistic potential models |T2| . |T7| | and chiral Lagrangian models 
Mil have been employed to determine the cross section in the vacuum. The results of the 
latter models appear to be strongly dependent on the choice of formfactors for the meson- 
meson vertices. This is considered as a basic flaw of these approaches which could only be 
overcome when a more fundamental approach, e.g. from a quark model, can determine these 
input quantities of the chiral Lagrangian approach. 

In the present paper we would like to reduce the uncertainties of the chiral Lagrangian 
approach by constraining the formfactor from comparison with results of a nonrelativistic 
approach which makes use of meson wave functions [|10. Finally, we will obtain a result for 
the off-shell J/-0 breakup cross section which can be compared to the fit formula used in 
3. This quantity is required for the calculation of the in-medium modification of the J/ip 
breakup due to the Mott-effect for mesonic states at the deconfinement/chiral restoration 
transition which has been suggested [|7].|8|] as an explanation of the anomalous J/-0 suppression 
effect observed in heavy-ion collisions at the CERN-SPS [Tj]. 
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II. EFFECTIVE CHIRAL L AGR AN GIAN 

We start from QCD at low energy. The effective chiral Lagrangian for pseudoscalar 
(Goldstone) mesons can be written as 

A = ^ftr \d li U(x)d li U + (x)] , (1) 

O L J 

with F n = 132 MeV being the weak pion decay constant, and U ( x ) = exp [2 iip{x) / F n \. Notice 
that U(x) transforms in a so-called non-linear representation of the SU(Nf)i, x SU(Nf)n 
group. The usual multiplct of pseudoscalar mesons is 9 ? = (f a X a /\/2 , A“ are Gcll - Mann 
matrices. To introduce vector and axial-vector mesons we follow the procedure which is 
connected with the replacement 

A —*£ = ^tr [v,UV p U + ] , ( 2 ) 

given by 

V^dnU-igAfr + igUA*. (3) 

The left - and right- handed spin-1 fields, A R and A R , are combinations of vector and 
axial-vector meson holds 

A = 2 ^ + V > 

K = \ (V - A,) . (4) 

The coupling of these mesons to pseudoscalars is introduced as a gauge coupling with the 
gauge coupling constant g which can be determined from the p —> tut decay; g p7T1T = 8.6 . 
Therefore, the Lagrangian involving spin-1 and spin-0 mesons takes the form 

C(<e, v, A) = ifjtr [v„U (V„u) + ] + if?tr [m(U +U+- 2) 

-itr [(F^r + (F«) 2 } + m 2 ti [(Ap 2 + (A«) 2 ' 

-*tr [(2>„£4)(B„£4 ) + f£ + (D,U)*(D W U)FX 

+ 7 tr [F^UF^U*] . (5) 

The second term is proportional to the mass matrix M and describes the “soft” breaking 
of the chiral SU{Nf)i, x SU(Nf)n symmetry. The corresponding held strength tensors are 
given by 

F^ = d,A L F R - d„A L F - ig [ A F r , AF r ] . (6) 

The third and fourth terms in (5) correspond to the free Lagrangians of the spin-1 particles. 
At this level of the chiral symmetry all spin- 1 mesons have the same “bare” mass, m q. The 
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remaining terms in (5) are so - called non - minimal terms since they contain higher orders 
in the derivatives as well as the mixed term (d^ipA^). After the diagonalization of (5) we 
obtain the Lagrangians with pseudoscalar, vector and axial - vector mesons (see Appendix). 
The Lagrangian ([5]) contains many degrees of freedom. We can consider the special case 
when vector mesons are desribed as dynamical gauge bosons. It corresponds to the “hidden” 
chiral symmetry. We choose a gauge where left- and right-handed fields in the Lagrangian 
will be identical to the vector held Vy. A^ L = A^ and A' = 0. This can be achieved 

by a gauge transformation which conserves the SU(Nf)i J x SU(Nf)n symmetry 

K = K = v* ■ 

U _ //,. U Uf, , 

At —> U L A% Ui + - U L d„U£ , 

Aj; —* U R U R d,U* , (7) 

with the specific choice Ul = and Ur = U~^, so that pseudoscalar mesons are gauge 
parameters. Now we can rewrite the Lagrangian (5) as a sum of three Lagrangians 


a, = A tr (v„uvy) , 

(8) 

A = -itr (yy + (F« ) 2 ) + 7 tr (F^UF*U+) , 

(9) 

A = m 2 ti ((Aj;) 2 + (A^) 2 ) + B tr (A%VA*U+) 


+Ctr [A^A R ^ + A*A L ^) . 

( 10 ) 


Note that we have added two gauge invariant terms to the Lagrangian (5). The second 
term (with the coefficient B) in (10) plays an important role in the description of the width of 
the p — > 7T7T decay, and the third term (with the coefficient C) maintains the gauge invariance 
of the J/-0 + vr —> D* + D decay. Applying the substitutions (7) to the Lagrangian (5), we 
obtain 

Co -> Co = 0 , 

C\ = ( 1 -l)u(F^F^ v ) , 

C 2 — £'2 = 7pr (vpj - tr (l', (i p 7) v »?)) 

+ Sr (( V^f - Vy) + CM , (11) 

7T 

where the vector mass and the vector-pseudoscalar-pseudoscalar coupling are defined 
by = 2(5 + 2 m 2 0 + 2 C), g Vw = 2(B - 2C + 2 ml)/(gF%) . 
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A. J/ij; breakup cross sections 


The above effective Lagrangian allows us to study the following processes for J/^ breakup 
by Ti and p mesons 


J/Y + 7T —> D* + D, J/Y + 7T — > D + D* , (12) 

J/Y + p — > D + D, J/Y + p — > D* + .D* . (13) 

The generic diagrams for these processes are shown in Fig. |] for the example of the first 
one. 

The full amplitude for the first process J/Y + k —* D* + D, without isospin factors and 
before summing and averaging over external spins, is given by 

J\4i = MY £i P £3v — | y. Mg) £ifj,£3u , (14) 

\i=a,b,c f 

with 

■M'la — —9 -kDD*9JIPDd{ — ^V2 + PzY ( -— ) (p-2 ~ P3 + PaY , 

\U — m Dj 


■Mil b — 9 -kDD* 9 J/ipD* D* ( P2 — PaY 


t — m 2 D » 


X 


X 


g a0_ 


{.P-2- PaY {.P2- PaY 


m 2 D * 


{-Pi - PzY^ v + (-P2 +Pi+ PaY9^ + (P2 + P3 - PaY 9^ 


•Mic — —gj/p-rrDD* 9^ ■ (15) 

Similarly, the full amplitude for the second process J/Y + p-’-D + D is given by 


M.2 = M 2 £l /1 £2u — 




MY £^£2* 


(16) 


with 


J M Y — —g P DDgj/pDD(P2 ~ M'iY 


U — m 


(P2 ~P3 + PaY , 


D, 


MY — —g P DDgj/pDD{—P 2 + 2 PaY ( 7 - T 

\t — m D 

M Y = gj/p P DD g^ v ■ 


(-P2 -P3 + PaY i 


( 17 ) 


For the third process J/Y + p —> D* + D *, the full amplitude is given by 
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■M-3 = M-^ UXUJ £l(i£2v£3\£4uj ~ ( 22 -M-3i XU 


^lp,^2v^3X^4uj 


ii=a,b,c 


MZ XuJ = g P D*D*gj/^D*D* \( P 2 - Ps) a g^ x + 2 p 2 g afl + 2 p£g aX 


X 


X 


k u — m D * 


a0 _ (P2 - Pz) a {P2 ~ Pzf 


m D* 


-2tfg f)v + (pi+Pi) fi g vu -2i%g f)u ' 


J^Z XuJ — gpD*D*gj/%i>D*D * [— ^p 2 g a ^ 1 + (p2 + p2 a g^ — Zplg 


M r, aU> ] 


X 


X 


^ - m D * 


at> _ (P2-Jhf{P2-ptf 


m 2 n . 


(-Pi-P3)V A + 2pJ/" + 2p;/ A 


( 18 ) 


= a,(XV" + 9 m f x - 2 s'V") ■ 


(19) 


In the above, p,,- denotes the momentum of particle j. We choose the convention that particle 
1 and 2 represent initial-state mesons while particles 3 and 4 represent final-state mesons on 
the left and right sides of the diagrams shown in Fig. 1, respectively. The indices //, v. A 
and c o denote the polarization components of external particles while the indices a and f3 
denote those of the exchanged mesons. 

After averaging (summing) over initial (final) spins and including isospin factors, the 
cross sections for the the three processes are given by 


da i 
dt 


96vr spf^ r 


-mzmt' 



u u' \ 

PlPl \ 

ml J 



P3P3 \ 

ml J ’ 


( 20 ) 


da 2 

dt 


2887: sp~ cm 


-Mo v M*o ‘ 



P1P1 \ 

mj J 



P2Pj \ 
ml J 


( 21 ) 


da 3 


dt 288 tt spi, c . m . 


mz Xuj m*%' i ' ,xw {g ,Hi ' - [<r' 


P2P2 

ml 


x g - 


XX' P3P3 


ml 


PaPa \ 

ml r 


with s = (p\ +P 2 ) 2 , and 


^2 _ [s - (mi + m 2 ) 2 ] [s - (mi - m 2 ) 2 } 

Pi,c.m. ~ ^ 


( 22 ) 


(23) 


is the squared momentum of initial-state mesons in the center-of-momentum (c.m.) frame. 
The definition of Pf )C .m. for the final-state mesons is analogous with the replacement 
(mi,m 2 ) -> (m 3 ,m 4 ). 
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III. HADRONIC FORMFACTORS 


The chiral Lagrangian aproach for J/ijj breakup by light meson impact makes the as¬ 
sumption that mesons and meson-meson interaction vertices are pointlike (four-momentum 
independent) objects. This neglect of the finite extension of mesons as quark-antiquark 
bound states has dramatic consequences: it leads to a monotonously rising behaviour of the 
cross sections for the corresponding processes, see the dashed lines in Fig. |2j. This result, 
however, cannot be correct away from the rection threshold where the tails of the mesonic 
wave functions determine the high-energy behaviour of the quark exchange (in the nonrel- 
ativistic formulation of ( P~2] , P~5| ) or quark loop (in the relativistic formulation [[Th]]) diagrams 
describing the microscopic processes underlying the J/^> breakup by meson impact. As long 
as the mesonic wave functions describe quark-ant iquark bound states which have a finite 
extension in coordinate- and momentum space, the J/-0 breakup cross section is expected 
to be decreasing above the reaction threshold and asymptotically small at high c.m. ener¬ 
gies. This result of the quark model approaches to meson-meson interactions 
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can 


be mimicked within chiral meson Lagrangian approaches by the use of formfactors at the 
interaction vertices 


10.11 


A. Global formfactor ansatz 


We will follow here the definitions of Ref. |TIJ , where the formfactor of all the four-point 
vertices of Fig.l, i.e. that of the box diagram (I) as well as that of the meson exchange 
diagrams (II, III) is taken as a product of the triangle diagram formfactors 


f i M 2 ) = 


A(q 


i = /, //, III , 


(24) 


with the squared three-momentum q 2 given by the average value of the squared three- 
momentum transfers in the t and u channels 


q 2 = ^ [(Pl - PS) 2 + (Pl - P4) 2 ] c m = Pi,c.m. + P 2 ,c.r 


(25) 


For the triangle diagrams, we use formfactors with a momentum dependence in the monopole 
form (M) 


^ M (q 2 ) 


A 2 

A 2 + q 2 


and in the Gaussian ( G ) form 


F?(q 2 ) = exp(-q 2 /A 2 ) . 


(26) 


(27) 
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B. Meson formfactor ansatz 


In order to take into account the quark substructure of meson-meson vertices we will 
suggest here a simple ansatz which respects the different size of the interacting mesons and 
the different quark diagram representation of contact and meson exchange interactions in 
terms of quark box and quark triangle diagrams. The triangle diagram is of third order in 
the wave functions so that the meson exchange diagrams are suppressed at large momentum 
transfer by six wave functions, the box diagram appears already at fourth order thus being 
less suppressed than suggested by the ansatz (|4|) of Ref. 

For the contact term (/) we use the replacement gj/p n D*D —> gj/pnD*D x Fj(s) where 
the formfactor has the following form 



Fj{s) = exp - 


4s 


(s - (raj + m 2 ) 2 ) (s - (mi - m 2 ) 2 ) (J^ + ^ 2 ) 

+ (s - (m 3 + m 4 ) 2 ) (s - (m 3 - m 4 ) 2 ) (^2 + J 2 ) | 

3 4 J / 


(28) 


The second exchange term (II) can be written using the substitution gj/pn*D* x 
gD*Dn -* gj/ipD*D* X gD*Dn X Fjj(s,t ) with 


Fn(s,t ) = exp l - — 


(s - (m 4 + m 2 ) 2 ) (s - (m 4 - m 2 ) 2 ) 

+ (s - (m 3 + m 4 ) 2 ) (s - (m 3 - m 4 ) 2 ) ^ + ^2 


2 

'a! 


■ / 


\ 2 1 


((m 2 - ml] 

- (ml - m 2 ) 

J — 4 st 

-1 


Analogously, the exchange term (III) is obtained by gj/pno x gn*D-n 
F ni (s,u) with the formfactor 


(29) 

gj/lpDD X gD*DTT X 


Fui(s, u) = exp ^ - 


4s 


(s - (mi + m 2 ) 2 ) (s - (mi - m 2 ) 2 ) 

+ (s - (m 3 + m 4 ) 2 ) (s - (m 3 - m 4 ) 2 ) ^ 

(m\ — m 2 ^j + (ml — m 2 ) j — 4su 


2 

+ A| 


(30) 


Formfactors depend on the parameters which we fix from the physical observables (decay 
widths p - 


► 7T7T, D* —» Dn) and the vector dominance model [ 10.TTJ] . We use for the 
coupling constants the values g D * D n = gDD Q = gD*D* e = 4.4, gj/p DD = gj/p D *D* = 7.7, 
gj/i!mD*D — gj/p S D*D — gj/peDD — 33.9. For the range parameters A j of the quark-antiquark- 
meson vertices we suggest to use the meson masses m;, see Table 0 The results are depicted 
in Fig. ||. I 11 the last Section, we discuss the results and their possible implications for 
phenomenological applications. 
















IV. RESULTS AND DISCUSSION 


The J/ijj breakup cross section by 7r and p meson impact has been formulated within 
a chiral U (4) Lagrangian approach. Numerical results have been obtained for the pion 
impact processes with the result that the D-meson exchange in the t-channel is the dominant 
subprocess contributing to the J/'ij) breakup. The use of formfactors at the meson-meson 
vertices is mandatory since otherwise the high-energy asymptotics of the processes with 
hadronic final states will be overestimated, see Fig. |2|. From a comparison of the monopole 
and Gaussian functions in the global formfactor ansatz, we observe a big difference in the 
corresponding cross sections above the threshold. Generally we would prefer the use of 
gaussian functions which are motivated by strong (confining) quark-antiquark interactions 
within the mesons. The new meson formfactor scheme reduces the peak value of the J/ip 
breakup cross section relative to the global scheme by 50 %. The net result for the considered 
pion impact subprocess is in good correspondence to the one from the nonrelativistic quark 
exchange model. 

Finally, we want to present an exploratory study of the influence of a variation of the 
final state D-meson masses on the effective J/ifj breakup cross section. Our motivation for 
considering mesonic states to be off their mass-shell is their compositeness which can be¬ 
come apparent in a high-temperature (and density) environment at the deconfinement/chiral 
restoration transition, when these states change their character qualitatively being resonant 
quark- antiquark scattering states in the quark plasma rather than on-shell mesonic bound 
states. 

The consequence of this Mott-transition from bound to resonant states for the J/-0 
breakup has been explored by Burau et al. [7]]^], using a fit formula for the D-rnass depen¬ 
dence of the breakup cross section which shows a strong enhancement when the process 
becomes subthreshold. This behaviour is qualitatively approved within the present chiral 
U(4) Lagrangian + formfactor model although the subthreshold enhancement is more mod¬ 
erate, see Fig. f|. A more consistent description should include a quark model derivation of 
the formfactors for the meson-meson vertices and their possible medium dependence. Such 
an investigation is in progress. 
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APPENDIX A: CHIRAL LANGRANGIANS 

In this Appendix we write the explicit form of the chiral Langrangians. We use these 
Langrangians for the calculations of matrix elements of the J/ij) breakup cross section by n 
and p mesons 
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£ (2) (99, V, A) = itr(c^) 2 - itr (m^ 2 ) - ^tr(F^) 2 + \m \tr (V^) 2 

-^ tr ( F /^) 2 + ^m^tr(^) 2 , (Al) 

^(A 4 ) = ~7^M d ^d^)) + ^^ 2 tr(<9 M (^ 2 )<9 M (^ 2 )) 

+ 4m^ tr ^ <A ^ 2 ’ ^}) + ^ tr ( M ^ 4 ) ( A2 ) 

+ Qs 2 (! - 7) 2 « 4 - ^V^-7) <%</?]) , 

= -^r ((l» 2 - y> 2 ) 

-^r^ tr (^ 2 (^) 2 -(^) 2 ) 

7r / 

+ ^ 2 « 2 (! + 7)t r ([^, K] + [^, d u p}) 2 
+ ^ 2 « 2 (! - 7)tr ([V^, K] [<9^, M) 

+ ^, (a[^, ([<9/A7 K] + [^, M)]) 

~ 2 p2 /r^" tr ^]) 

^ 7 T V ^ T 

+ ^7^= tr V v\ + [^> » ( A3 ) 

" 7 r V ^ T 


£(^1, V, (,=) = 

+^7r=5 tr (^^.0) 

• (A4> 
C{Vif ip) = -i|tr (V, (p <^)) + *^-tr ( F £,dp<pd v (p) , (A5) 

^ 4 ) = ^ T ^tr([\/ M ,K] 2 ) , (A6) 
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(A7) 


C(V s ) = iPi(F, v [V„V u }) , 


where 


5 = l-Z 2 


2^ 4 jg 

1 - Z 2 v / T Tr 7 ’ 


and F^ u = d^V v - d v V^ F^ = d tJ A v - d u A (<£ <9^ V 5 ) = ^ 9 fl p - d^p p, which have the 
standard definition for commutators and anticommutators IH- 
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TABLES 


state i 

JH> 

D* 

D 

e 

7r 

mj[GeV] 

3.1 

2.01 

1.87 

0.77 

0.14 

Aj[GeV] 

3.1 

2.0 

1.9 

0.8 

0.6 


TABLE I. Meson masses and range parameters coresponding to the quark-antiquark-meson 
vertices. 
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FIGURES 


D*(p 3 ) 7l(p 2 ) D*(P 3 ) n(P 2 ) 



J/VCPj) D(p 4 ) 

II 


FIG. 1. Diagrams for J/U breakup by pion impact: J/ifi + n —> D* + D; I - contact term, II+III 
- D-meson exchange processes. 
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Vi [GeV] 



Vi [GeV] 


FIG. 2. Upper right panel: total cross section for J/^ break-up by pion impact without form- 
factor (black dashed line), with monopole type formfactor (black dotted-dashed-dotted line), with 
Gaussian formfactor (black dotted-dash line) and with “meson” formfactor (red solid line) as a 
function of the c.m. energy of initial-state mesons. The partial contributions from the diagrams I, 
II, and III of Fig. |I| are shown in the other panels. 
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a [mb] 



FIG. 3. Total J /\/> + ^r —> D + D* cross section with our meson formfactor (black solid 
line) in comparison with the cross sections of all sub-processes (contact term, exchange terms and 
corresponding interference terms) 
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a [mb] 



VI [GeV] 


FIG. 4. Total cross section for J/?/> break-up by g -meson impact due to the exothermic process 
J/i/j + p —■► D + D without formfactor (black dashed line) and with meson formfactor (red solid 
line) as a function of the c.m. energy of initial-state mesons. 
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a [mb] 



Vi [GeV] 

FIG. 5. The same like in Fig. [|, but due to the endothermic process J/ijj + p —* D* + D* 
without fornrfactor (black dashed line) and with meson formfactor (red solid line) as a function of 
the c.m. energy of initial-state mesons. A representation with linear scaling is shown in the small 
panel. 
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Vi [GeV] 

FIG. 6. Total J/\l> break-up cross section in the chiral Lagrangian model with mesonic form- 
factor when the final state masses Md 1 = Md 2 = Mjj are varied (“off-shell”) in the way that 
the reaction threshold for the process J/ip + it —> D + D* is decreasing (endothermic; black 
dotted-dashed line) and finally vanishing (exothermic; black dashed line). The red solid line shows 
the “on-shell” result (the same like in Fig. j|). 
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